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Abstract: We consider implications of a fourth generation of leptons, allowing for the 
most general mass patterns for the fourth generation neutrino. We determine the con- 
straints due to the precision electroweak measurements and outline the signatures to search 
for at the LHC experiments. As a concrete framework to apply these results we consider 
the minimal walking technicolor (MWTC) model where the matter content, regarding the 
electroweak quantum numbers, corresponds to a fourth generation. 
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1. Introduction and summary 

The experimental program at the Large Hadron Collider (LHC) at CERN may lead to dis- 
covery of new physics beyond the Standard Model (SM) of elementary particle interactions 
soon. Some hints about the insufficience of the Standard model have been already provided 
by e.g. observation of neutrino masses and, more recently, by the measurements concerning 
heavy flavors [||, ^. More definite conclusions are expected after the Higgs sector of SM 
becomes subject to intensive probing at the LHC. Decades of intensive research on beyond 
Standard model (BSM) model building and phenomenology have provided several alter- 
native theoretical concepts for experimental testing. Possible model building paradigms 
include extra dimensions, super symmetry, unified models and technicolor. 

One of the simplest extensions of the standard model, arguably, is the hypothetical 
existence of a fourth generation of elementary matter fermions [^, jj, |5|. Since we do 
not know about the origins of flavor, there seems to be no need to stick to just three 
generations. However, the ad hoc insertion of yet another replica of quark and lepton 
doublets and singlets may seem, admittedly, a very unimaginative direction to proceed. 
The phenomenological appeal for just three generations is due to the close link between 
the constraints on the number of neutrino species from the formation of light elements 
in the early universe, i.e. the Big Bang nucleosynthesis and the high-energy experiments 
measuring the Z-width. Taken these together, seems to show indisputably that there are 
only three conventional neutrinos with mass below Mz/2 ~ 45 GeV. However, the need for 
BSM physics provides phenomenological tension towards the other direction and this has 
led to a large variety of further model building resting on the introduction of new degrees 
of freedom. For example, in grand-unified theories (GUTs) beyond the minimal SU(5) 
case there inevitably appear new fermions and models with supersymmetry or new gauge 
interactions introduce, by definition, extended particle spectrum. 
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In this paper, as a general framework, we consider (walking) technicolor |^, |8|, |9|, 
IC], and as a particular realization we take the minimal walking technicolor (MWTC) 
model 1 11]. In this model the electroweak symmetry breaking is due to strong dynamics 
of two Dirac fermions (techniquarks) transforming in the adjoint representation of SU(2) 
technicolor gauge group. This particular matter content is minimal in the sense that with 
relatively small number of new matter fields, this model has been proposed to lie close to an 
infrared fixed point |11] which renders the coupling almost conformal over large hierarchy 
of scales. Phenomenologically such feature is welcome since on one hand walking is required 
to tame the effects of flavor changing neutral currents and on the other hand the minimal 
matter content is necessary to keep the contributions to the precision S'-parameter on the 
level compatible with observations [|l^]. To strengthen the phenomenological viability of 
this model, it has recently been studied from first principles on the lattice by measuring the 
properties of the physical spectrum [13, 14, 15 1 and the evolution of the coupling constant 
p^ . These studies point to the conclusion that this theory is indeed near conformal as 
originally proposed in [^, and hence provides a good model building basis for walking 
Technicolor -type theory. 

The matter field spectrum of the MWTC model, from the electroweak interaction view- 
point, features three (techni) quark doublets. Due to a global anomaly [17|, such particle 
content results in an ill defined theory, but this anomaly can be simply cured by introduc- 
ing just one further doublet taken to be singlet under QCD and technicolor interactions 
and this doublet therefore resembles the leptons of ordinary three SM generations. Hence, 
by the internal consistency of the underlying gauge theory, we are led to consider a model 
with a somewhat nonstandard fourth generation. Several phenomenological constraints on 
the properties of this fourth generation exist. Since the interactions of the techniquarks 
become strong at the scale of the order of v ~250 GeV, they are confined inside techni- 
hadrons which the past and present colliders simply were not able to produce. With the 
leptons on one hand, we know that the analogue of the ordinary electron has to be very 
massive, few times Mz at least. For the fourth generation neutrino the issue is more subtle: 
For example, consider the fourth neutrino as a Dirac particle of mass ~ Mz/2. Then, if it 
is unstable it is ruled out by the LEP II bounds and if it is stable, then it contributes to 
the dark matter abundance and is ruled out by the CDMS experiment |18, 19 1. For a sta- 
ble purely left-handed Majorana neutrino the constraints are weaker due to smaller cross 
sections. However, the dark matter searches have ruled out a purely left-handed sequential 
fourth generation Majorana neutrino up to masses of the order of a few TeV [20|. These 
bounds are alleviated if more general mixing patterns in the neutrino sector are allowed 



for 1 21, In particular, if the lightest state is dominated by the weak singlet component, 
then its couplings to standard model are further weakened, allowing it to escape detection 
so far even for relatively small masses below 0{Mz /'2). Such mix ing patterns will be 
important in relation to the dark matter a bundance |22[ |; here we concentrate on the the 
collider phenomenology aspects of this model and do not require absolute stability of the 
fourth generation neutrino. 

Various aspects of the phenomenology implied by this model have already been in- 
vestigated in the literature. For the technihadronic sector, see e.g. [23|. The leptonic 
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sector is particularly interesting since its contributions to the precision observables can be 
perturbatively evaluated, and existing data can be used to constrain the masses of these 
leptons. This analysis has been carried out for the cases in which the fourth generation 
neutrino has only a Dirac mass |2^, is a purely left-handed Majorana state |28, |l^] or 
has a particular mixing pattern between left- and right-handed neutrinos [26, 27, 29|. In 
this paper we extend these studies to allow for the most general mass and mixing patterns 
of the fourth generation neutrino. Our results are general and provide, to our knowledge, 
a so far unexplored completion of the existing literature. 

Furthermore, we apply this analysis to the MWTC model in order to identify the 
phenomenologically most interesting mass ranges of the fourth generation leptons. Given 
these, we investigate several possible signals which should be of interest at the LHC. In 
particular we emphasize important differences between the minimal technicolor model and 
models where a sequential full fourth SM-like generation is considered, see e.g. |^^: For 
example, there is no fourth QCD-quark generation and therefore the Higgs production 
through gluon fusion is not enhanced in the case of technicolor. However, the Higgs can 
decay into fourth generation neutrino, which has to be massive to avoid observation so 
far, and creates a new channel which will, for neutrino masses ~ 0{Mz/2), diminish other 
channels expected to be relevant for light Higgs on the basis of the Standard Model or the 
onset of the channels with ZZ and WW final states if the new neutrino has mass of the 
order of Mz- Together with these results, the fourth generation leptons with masses in the 
range accessible at LHC provide clear direct signals already at first 10 fb~l of integrated 
luminosity as our analysis shows. 

The paper is organized as follows: In sec. |2| we first present the details of the minimal 
walking technicolor, in particular its leptonic sector. In sec. |^ we first present a general 
analysis of the oblique corrections for a lepton generation with massive neutrino and apply 
it to the MWTC model. Then we discuss collider signatures for the production of new 
leptons and how they may affect the Higgs production and decay rates. We conclude and 
outline some future directions in sec. 0. 



2. The model 

As discussed in the introduction, the present Technicolor model building rests on two 
paradigms: On one hand, walking of the coupling is required in order to suppress the 
flavor changing neutral current interactions which will arise if the Technicolor model is 
embedded into some extended Technicolor framework. On the other hand, the walking must 
be achieved with reasonably small number, say two or three, of techniquark flavors in order 
to not generate too large contributions to the precision observable S. It has been proposed 
pA[| that SU{2) gauge theory with two fermion flavors in the adjoint representation of the 
gauge group is a minimal candidate for such a theory ^. Let us now build up the concrete 
model Lagrangian, starting with the Technicolored sector 

Ctc = + iQa'^D^QL + ilJR^^D^UR + iDRTi^D^DR, (2.1) 

^For an ultraminimal alternative, see [Bl| 
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where = d^A"^ — dyA'^^ + igTc^°-'"^A''^Al is the usual field strength, a = 1,2,3, and 
the SUl{2) weak doublet Ql = {Ul,Dl) while Ur and Dr are singlets under the weak 
isospin. The number of weak doublets in this theory is odd, rendering the gauge theory 
SUl{2) of weak interactions anomalous. To cure this anomaly at least one weak doublet 
is needed. Since the walking behavior of the Technicolor theory should not be spoiled, we 
add a doublet uncharged under technicolor SU{2) gauge group. To add just one doublet, 
we cannot assign QCD color either, and hence this doublet resembles a new generation of 
ordinary leptons. The anomaly free hypercharge assignments are 

Y{Ql) = y/2, Y{Ur, Dr) = {{y + l)/2, {y - l)/2) 

Y{Ll) = -3y/2, Y{Cr, iy^,R) = {{-3y + l)/2, {-3y - l)/2), 

where y is any real number. A particular choice y = 1/3 corresponds to a standard model 
-like fourth family. Other choices are possible, but here we confine ourselves to y = 1/3, 
and we will be mostly interested in the phenomenology arising from the leptonic sector. 

= ilLl^D^LL + (ErjI'D^Er + iNR^f'D^NR. (2.2) 



However, instead of the Lagrangian (2.1), at the electroweak scale the Technicolor part 
is better described by the chiral effective theory coupled to the electroweak gauge fields 
and matter fields. Such chiral effective theory can also be systematically improved, and 
also additional degrees of freedom like the vectors and axial vectors can be included |p3|| . 
Technicolor theories are constructed to describe only the mass patterns of the electroweak 
gauge bosons, and one needs to address the question of the masses of the elementary 
matter fields separately. One traditional direction which has been pursued in the literature 
is so called extended technicolor (ETC), which couples technifermions and ordinary SM 
fermions with each other by extended gauge interactions assumed broken at some high scale 
-^ETC ^ ^TC and described at energies below Metc by effective four-fermion interactions. 
Condensation of technifermions then leads to mass terms for the SM fermions. Since 
we do not know the ultraviolet complete gauge theory possibly underlying fermion mass 
generation as described above, we choose here a more modest bottom-up approach in order 
to parametrize our ignorance of the origin of mass for the matter fields in terms of effective 
Yukawa interactions between the fermions and the Higgs. In MWTC model, with the 
hypercharge assignments we are using here, the hypercharge conservation allows coupling 
only between the SM matter fields and the technimeson with quantum numbers of the 
SM-like Higgs scalar. Hence, to estimate the effects of the scalar sector on the new leptons 
up to and including dimension five operators, we consider following effective interactions 



|23]. 



Cuass = {ylLHER + h.c.) + CdIlHNr 
+ ^{L'H)iH^L) + ^(H^H)N^rNr + h.c. (2.3) 



where H = ir'^H*. The first term in (2^) lead to the usual (Dirac) mass for the charged 
fourth generation lepton, and the remaining terms allow for the most general mass structure 
of the fourth neutrino. 
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After symmetry breaking the resulting neutrino mass terms are 

-W,« + h,c., M^l^'l"], (2,4) 

2 yrno Mr j 

where ni = {Nl,Nj^Y , mo = Cdv/V^ and Ml^r = Cl,rv'^/2A. The scale A is of the 
order of 1 TeV. The special cases are pure Dirac and pure left-handed Majorana neutrino 
which are obtained, respectively, by discarding dimension five operators and by removing 
the right handed field Nr. In the general case there are two Majorana eigenstates, xi ^"^^ 
X2 associated with the eigenvalues 



X _1 

Ai,2 - 2 



{Ml + Mr) ± J {Ml - MrY + W 



D 



(2.5) 



of the mass matrix. Since A may be positive or negative, we define = M'^ = Mf^p/., where 
/jfc = ±1 so that Mfc > is ensured. Note that there are basically two equivalent ways to 
treat the p-factors |24]. Here we will choose to include these factors into the definition of 



the transformation into the mass eigenbasis. The advantage of this approach is that the 
p-dependence will show on the Lagrangian level explicitly. Another alternative is to include 
the p-factors into the definition of the Majorana field operators and then one must keep 
track of the appearance of these factors when evaluating the contractions corresponding to 
individual Feynman diagrams. In order to maintain full generality, we keep track of these 
phases explicitly and present the results for the charged and neutral weak currents as well 
as for the couplings to the composite Higgs in detail below. The following discussion has 



been adapted from [22| where a similar derivation was carried out for the first time. 



The mass eigenstates are obtained with the diagonalizing matrix, 

oi cos 9 sin 9 
/pism9 y/p2Cos9 



and the eigenstates are 

X = U^nL+U'^nl, (2.7) 

Note that with this prescription Xfc = Xfe; since Xk is a Majorana state with mass Mk by 
construction. The mixing angle 9 is given by tan(20) = 2mD / {Mr — Ml)- 
In the mass eigenbasis the gauge interactions are 

— fos n sin 

W+Nli^El = -—XilW^^El + -—X2LW+rEL 



Z^NL-i^NL = cos2 eZ^xiLYxiL + sin^ 9Z^X2L1''X2L 

+\ sin(26>)Z^( ^ ^ XiLl^X2L + ^ ^, X2L1^Xil) {2.1 

The last terms in the neutral current can be combined into 



^ r{X2l^PLXl + {^/Pi^/PT)^X11^PLX2) = ^ X27^(Q " MXl, (2- 



rp2^ y/pl y/p2 
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where a = i(l - {^1*^2?) and /3 = i(l + {^i*^f). 

The effective interactions between the Higgs and neutrino following from (|2.3| ) are 



2v ^\mD 2MrJ ^ ^ 

where interaction terms of 0{h'^) have been neglected, since we do not need them in the 
following because we will be interested in the vertices relevant for the decay of the Higgs 
to the new neutrinos. Translating into the mass eigenbasis we obtain 

-Cffiggs = C22hx2X2 + CuhxiXi + C2ihxi{/3 + 075)^2 + • • • (2.11) 
where we have defined 

isin2(20)(l-(^*VP^)2^)), 

^sin2(20)(l-(^V^*)2^)), 

ypr^*sin(40)(l - (2.12) 

and the factors a and (3 are the same factors as defined few lines earlier for the neutral 
current. 

Since the parameters Ml, Mr and mu are simply coupling constants in our formula- 
tion, there is no need to restrict to positive values. If we assume that these parameters are 
real numbers free to take any value, then in terms of the mass eigenvalues and -states as 
defined above the parameter space contains three domains corresponding to pi = p2 = ±1 
and pi = —p2 = 1, and in each case Mi and AI2 assume all positive real values and 
< sin 9 < 0.5 |22|. In Figure [l| a slice of the parameter space {Ml, Mji,mD) is shown for 



Cii = 






V 


C22 = 


M2, 
— 1 




V 


C12 = 


M2 





some fixed finite value oi niD- The hyperbolas correspond to surfaces m'j^ = M^Mji, and 
together with the plane Mr = —Ml they divide the parameter space into three distinct 
parts in which the values of the /O-parameters are as indicated in the figure. The parameter 
space is symmetric with respect to the plane Mr = —Ml with replacement Mi ^ M2. It 
is therefore sufficient to restrict to the upper half corresponding to Mr > —Ml, and this 
is also reflected by the fact that the interactions practically only depend on the product of 
P1P2 and not separately on pi and p2. 



Typical special cases correspond to setting either Ml or Mr equal to zero, and these 
both correspond to pi = —p2 = 1. Both Ml and Mr need to be nonzero in order to obtain 
same sign for the p-parameters. Our results for the currents in (|2.8|) as well as the Higgs 



interactions in ( 2.10 ) can be applied for any value of Ml, Mr and niD with appropriate 
choice of p-parameters. For the mixing phenomena we stress the following general feature: 
using the above formulae it can be shown that in the case Ml = the lighter state is 
always dominated by the weak doublet component vl and hence couples stronger to the 
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Figure 1: Schematic figure of tlie parameter space corresponding to a fixed value of mo- The 
liyperbolas and the straight diagonal line correspond to sections of surfaces mjj — Ml Mr and 
Mji — —Ml, respectively. The mu-axis is perpendicular to the (M^, Mij;)-plane. 



electroweak currents than the heavy state. On the other hand, for M/j = the hghter state 
consists dominantly of the weak singlet component and in this case the lighter component 
has weaker coupling to the electroweak currents. A general feature therefore is that a large 
hierarchy ^ M/j will make the lighter neutrino state more difficult to observe since 
its couplings to the weak currents are diminished. In this part of the parameter space 
the heavier neutrino state might be phenomenologically more accessible provided that its 
mass is still within reach at the LHC. And vice versa, in the parameter space domain 
corresponding to Mi <C Mr the lighter neutrino state should be better accessible than the 
heavy one. Let us then turn to the phenomenological implications. 



3. Results 



In this section we will present the phenomenological results of the model. We first study 
the oblique corrections S and T. This study could be enlarged to include full set of 
electroweak precision parameters ||3^ , but here we concentrate only on these two mainly 
since the S'-parameter is known to provide most stringent constraints for the Technicolor 
models in general. We have also checked that the precision parameter U is small over the 
parameter range which we consider. Since the data [33, 34| on S and T shows tendency 
along the direction ~ T, we apply the generic strategy [35| of compensating for positive 
contribution to S from the techniquarks by a positive contribution to T from the mass 
splitting within the fourth generation leptons. The leptons typically also provide small 
negative contribution to the S parameter and this further helps to reconcile the model 
with the data. The main phenomenological goal of the S, T-analysis here is therefore to 
obtain constraints for the mass splittings within the fourth generation leptons. Once we 
have this information we then proceed to consider plausible collider signatures for the 
production rates of these leptons and also their possible implications on the Higgs physics. 
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3.1 Oblique corrections 

In the literature the oblique corrections have been analyzed for certain special cases of the 
mass spectrum of the fourth generation neutrinos. In particular, these include the fourth 
generation neutrino with Dirac mass term p^ j {M^ = Mr = 0), a pure left Majorana 
state [|^, 1^ {Mji = m£) = 0) and for the case corresponding to the usual type I seesaw 
mass matrix |2^, ^] {Ml = 0). Here we treat the general case as described in the 
previous section and present explicitly the formulas required for the evaluation of the 
oblique corrections. We have checked both analytically and numerically that the results of 
the above mentioned special cases are properly obtained in the corresponding limits of our 
formulas. We stress that our results can be applied for any values of Ml, Mr and mo- 

Recall the charged and neutral currents from (^]^) involving neutrinos which, together 
with the usual forms of the currents for the charged lepton allow us to evaluate following 
contributions to the self energies: 



^cos^e[nLL{MlMlq^) 



-— sm 
2 

1 



[liLdMlMlq^ 



-liLRiMlMlq^)] 
JlLRiMlMlq^)] 



s\n\2e) ULLiMf,Mlq^) + {-lfULRiMf,Mlq^) 



1, 



+ULR{MlMlq^ 
which will be needed for the S'-parameter and 

nii(o)-n33(o) 



+ -niL(M|,M|,g2) 



(3.1) 



^ cos^ 9ULL{Mf, M|, 0) + ^ sin2 eiiLL{Ml M|, 0) 



1 



nLL(M|,M|,0) 



cos^ e [liLL{Ml Ml 0) - liLRiMlMl^)] 
sin^ 9 [TiLL{Ml Ml 0) - I{lr{MImIq)\ 
sin2(2e) \iIll{MImI{)) + {-lfliLR{MlMlQ) 



(3.2) 



which is needed for the T-parameter. The subscripts refer to electroweak gauge boson 
quantum numbers in the unbroken basis and the relevant Feynman rules for Majorana 
particles are discussed e.g. in [^]. The vacuum polarizations of the left- and right-handed 
currents appearing in the above equations are given by 



nLL(mi,m2,( 



ULRimlmlql 



(47r)2 
4 

(4^ 



dx In 



dx In 



M2 



x{l 



x)c 



(x(l 



1 



-M^ 



M2 - x{l - x)g2 



-mim2, 



(3.3) 
(3.4) 



where = xm1+{l—x)m2. The cutoff /j, has physical significance since we are considering 
an effective field theory for the generation of Majorana masses of the fourth generation 
neutrino. 
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With these prehminary definitions, the S parameter is given by 

-8n^^^^ « -^^"ay (M|) - 03^(0)), (3.5) 



and the definition of T is 



47r 



(nn(0)-n33(0)), (3.6) 



where = sin^ 9w and = cos^ 9w with 6w the usual weak mixing angle. 

As already mentioned in the previous section it suffices to concentrate only on two 
regions in the parameter space spanned by the neutrino masses: We assume Mi > M2 
and this corresponds to Mr > —Ml- This implies that pi is always positive, and the sign 
of p2 is determined by the ratio of and M^Ml so that negative p2 corresponds to 
m|) > MrMl. The sign of p2 is reflected in the interaction terms by a = and /? = 1 for 
/92 = 1 and vice versa for /92 = — 1. Note that the Dirac limit is contained only in the latter 
domain. In both of these domains all positive values of Mi and M2 as well as all values 
< sm9 < 1.0 are allowed, but the difference follows from the property that p2 is positive 
(negative) for rnj^ > M^Mji {mjj < M^Mji). Separately for each of these domains, we 
explored the parameter space spanned by M^, Mi, AI2 and sinO. It is rather obvious that 
with four parameters it is not difficult to find ranges of values where the experimental 
constraints from S and T are satisfied. We probed the parameter space in terms of the 
mass differences of charged and neutral leptons in order to identify the possible spectra 
consistent with the current experimental bounds. For the technicolor sector we include the 
naive perturbative estimate {S,T) = (l/(27r),0) ~ (0.16,0). 

Replacing the derivative with a finite difference in the definition of the >S'-parameter is 
a standard approximation known to be valid for new physics with mass scales above Mz- 
We will consider situations where one neutrino state is lighter than Mz, and one might 
worry that this is a source for large uncertainty due to the approximation. However this 
is not the case, since generally the contribution to S from the leptons in the case of one 
light neutrino is much smaller than from the techniquarks. We have checked that even in 
the worst case, the error due to the approximation of replacing the derivative with finite 
difference is at few percent level for the total value of S. 

We found that the results in domains p2 = — 1 and p2 = +1 are practically identical 
for the mass ranges of interest. Prom now on in this section we therefore consider explicitly 
only the case p2 = —1. The S'-parameter is independent of the cutoff as can be directly 
verified using above definitions. However, for T-parameter the scale dependence is more 
subtle. The divergent contribution can be extracted analytically and it has the simple form 
~ Ml ln(/x), so in the special cases where Ml = also T is scale independent. The existence 
of this divergence signifies the fact that within the model we consider there does not exist 
a renormalizable Yukawa interaction which would provide the mass for the left-handed 
Majorana state. We fix the scale by the mass of the heavier neutrino eigenstatc, fi oc Mi, 
and estimate the uncertainties resulting from the choice of the constant of proportionality. 
For purely left handed Majorana state this prescription coincides with the one employed in 
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5 

Figure 2: The resulting S and T values as the masses Mi, M2 and Me in the lepton sector vary 
from O.BMz to lOAIz- The value of the mixing angle is set to sm9 = 0.3. 



|28, |T^]. Varying the scale from = 1.5Mi to = 2Mi results in at most roughly 0(10%) 
uncertainty in our results concerning the T-parameter. As already noted, S'-parameter 
does not depend on the scale at all in this case, but it turns out to be far less restrictive 
than T. With this uncertainty in mind, we fix /i = 1.5Mi in what follows. In Fig. we 
show the typical scatter plot on the resulting S and T values as the masses Mi, M2 and 
Me are allowed to vary from 0.5Mz to WMz with the ordering M2 < Mi < Me, and 
mixing angle s'mO = 0.3. 

We then investigate the constraints for the parameter space of the model imposed 
by S and T in more detail taking as guiding limits IS*! < 0.3 and < T < 1. We fix 
the mass of the lighter neutrino state (M2) to be equal to Mz/2 or Mz and the results 
for corresponding constant S contours are shown in Fig. |^. We have checked that the 
results depend only very weakly on the mixing angle, and hence the curves shown in the 
figure explicitly for sin 9 = 0.1 can be taken as representatives for any value of sin 9. If we 
consider larger values of M2, the results lead to similar curves as would be expected since 
the contributions to both S and T should depend on the relative differences of the masses 
rather than their absolute values. 

Then, consider the information on S together with the values of T shown in left and 
right panels of Fig. ^. Within each panel, the two sets of curves correspond to two different 
values of the mixing angle sin 9. The relation between the masses Mi and Me is roughly 
Me ~ 2Mi — M2, with the constant of proportionality changing from 2 to 1.6 as the value 
of the mixing angle increases from sin 9 = 0.1 to sin 9 = 0.5. The results for larger values 
of M2 fall almost on these same curves and in particular for M2 < Mi , Me and considering 
M2 up to lOMz the above mentioned relation Me ~ 2Mi — M2 remains valid. 

We observe that S'-parameter is only modestly restrictive over the mass ranges con- 
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2 4 6 8 10 12 14 16 18 1 2 3 4 5 6 7 8 



(M1-M2)/M2 (M1-M2);M2 

Figure 3: Constant S -contours in the ((A/i — M2), {Me — M2)-plane for the choice of masses 
M2 = 0.5Mz, (left) and M2 — Mz (right). The curves correspond to sin^ — 0.1 but the dependence 
on the angle is very weak. 




Figure 4: Constant T -contours in the {{Mi — M2), {Me — Af2)-plane for the choice of masses 
M2 = 0.5Mz, (left) and M2 = Mz (right). Within each panel, the two sets of curves correspond to 
smO = 0.1 (left set) and sin^? = 0.5 (right set). 



sidered here in comparison to T which provides more stringent constraints. Also note how 
relatively large mass differences can be accommodated within this model, namely from the 
above figures one infers that the ratio between the charged lepton and the neutrino masses 
can easily be a factor of ten, while the values of S and T are, respectively, 0.1 and 0.5 
which are consistent with current data. 

Overall, from this section we conclude that MWTC model with most general mass 
spectrum for the fourth generation leptons is compatible with the current precision data on 
the electroweak observables. Furthermore, the approximate estimate Me ~ 2Mn between 
the masses of the charged lepton and the heavier neutrino remains as a good guiding rule of 
thumb within the spectrum similarly to the already established special cases of Dirac [12| 
and purely left handed Majorana neutrinos. Our analysis implies that the precision 
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observables do not impose a strong preference towards particular neutrino mass pattern. 
Namely, for any values of Ml and Mn by adjusting mo and Me accordingly one can find 
portions of parameter space where S and T will satisfy the experimental constraints and 
all mass eigenstates, E, xi and X2-, are heavy enough to have escaped direct detection so 
far. As an example, in Fig. ^ we show the values of Me and m£) allowed by restricting 
IS*! < 0.3 and < T < 0.5 with different sets of points corresponding to different hierarchy 
between Ml and M/j. The lowermost band corresponds to —Ml = Mr = Mz, the 
middle band corresponds to —Ml = = Mz and the upper band corresponds to 

—Ml = Mn/lO = Mz- From the figure it would seem at first that as the hierarchy 
between AIl and Mr increases, the allowed values of Me and tul) also increase but this 
actually follows from two effects: First, the values of Me and niE reflect the overall value 
of Ml and M/j and not their ratio. For example, if we set Ml = O.lMz and M/j = 5M^ 
the resulting ME{mE) curve would lie on top of the middle curve in Fig. ^ although the 
corresponding ratio Ml /Mr differs by order of magnitude between the two cases. Second 
the results are also affected by the requirement that Me > Mi > M2 for the cases which 
we consider in this paper. 




Figure 5: Values of Me and m_D allowed by constraints IS"] < 0.2 and < T < 0.5 analysis. On 
different bands of points Ml and Ma take different fixed values. From bottom to top: —Ml — 
Mr = Mz (dots), -Ml = M^/S = Mz (stars) and -Ml = Mr/10 = Mz (squares). 

In general, as noted already in the beginning of this section, the possible mass splittings 
within the fourth generation leptons are important in achieving agreement with precision 
data. For suitable values of the masses the leptons will generate negative contribution to S 
which helps to partly compensate for positive contribution due to techniquarks. Generally 
the number of techniquark doublets is large and a single doublet of leptons does typically 
not provide a big enough contribution to cancel big enough portion of the techniquark 
contribution. In the MWTC model considered here it is also important in this respect 
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that there are only three technidoublets contributing to the S'-parameter which is therefore 
smaU to begin with. The spht masses of the leptons will also lead to nonzero contribution 
to the T-parameter. Together with positive overall contribution to S it is important to 
have also overall positive contribution to T since the data showns preference for the T ~ S" 
direction. 

However, we note the well known fact for Majorana neutrinos, that T-parameter can 
be negative over a significant portion of the parameter space in contrast to the Dirac case 
where the T-parameter is manifestly positive definite. While this feature is not of direct 
interest for the model study here, it might be useful in models with extended particle 
content which would also yield further positive contributions to the T-parameter. 

In the following sections we will consider the phenomenological implications of the 
fourth generation neutrinos in the MWTC model. As a starting point for their searches at 
the LHC we shall take the masses of the charged lepton and the heavier neutrino eigenstate 
to be in the range of the electroweak scale and consider the lightest neutrino state to have 
a mass of Mz/2 or Mz- These cases provide a natural starting point for the searches at 
LHC although consistency with precision data also allows for relatively heavy leptons, even 
up to the TeV range. 

3.2 Production of new leptons 

Given the analysis of the previous section, the favored range for the masses of the fourth 
generation leptons is of the order of the electroweak scale. Therefore these leptons serve 
as an important probe of this model at the LHC, as discussed in e.g. Q. A Simple 
process which comes to mind is pair production of charged fourth generation leptons. 
However, the production of the fourth generation neutrinos, xXi may be more interesting 
than production of EE pair. This is so since on the one hand the neutrino is expected to be 
lighter than the charged lepton and on the other hand its decay modes may provide more 
interesting observables in case that the fourth generation neutrino is not absolutely stable. 
For example, consider production of a pair of neutrinos, and subsequent decay x ~^ ■, 
where i = fj,,T or e, then the possible final states are 

• 2£-F4jets 

Apparently the third one is similar to what one would expect from the decay of a pair of 
neutralinos, but the other two should provide a way to distinguish neutrinos from neutrali- 
nos. The first one appears interesting since two same-sign leptons can appear in the final 
state due to the fact that the initial neutrinos are Majorana particles. In addition to XX 
production, 2£ and 3£ signals may also be generated in charged current £^x production 
channel. Bearing this in mind, in the following we focus on the £^£^ and £^£^£^ final 
states arising from Z* — > xX and W* — > £'^x production channels. 

We assume that the SM neutrinos are Majorana particles which will only affect the 
partial width of the heavy neutrinos in the x ~^ decay. Decay channel to Higgs is 
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assumed to be kinematically forbidden for the neutrino masses we consider in this section; 
see also Fig.^. Feynman rules are given in the appendix of [37| in Table 31. We take off- 
diagonal Vi^ lepton mixing angle to be real and consider pi = P2 = ^ case, for simplicity. 
In accordance with the notation of previous sections, we will generically call our two heavy 
Majorana neutrinos as xi and X2 (with xi being the heavy state). 



Following 1 37 1, we assume that xi-neutrino couples to muons only and saturates the 
latest experimental bound on off-diagonal lepton mixing element \V^^\'^ < 0.0032 ^. In our 
specific examples, X2-neutrino will decouple by either being dominantly right-handed state 
or by assuming it being lighter than the W and Z and, thus, decaying via off-shell gauge 
bosons. 

In the left panel of Fig.^ we plot the a{pp — > XiXi) production cross-section as a 
function of xi-neutrino mass for sin0=O. For a typical type I seesaw scenario this cross- 
section is very small because it requires to mix SM neutrinos with heavy neutrinos twice 
which suppresses cross-section by a |Vg^|^. Corresponding a{pp — > (^Xi) production cross- 
section can be found, for example, in |37| and we confirmed it in our numerical simulation. 
For every scenario considered later in this section we show contributions from £^xi a-iid 
XiXi production channels separately. 



& 1500 



pp->^i;Ci production cross-section. No mixing 



150 200 



Total pp->;k'iA'i production cross-section. No mixing 



150 200 
M«(GeV) 



Figure 6: (left) 2 — > 2 cross section for heavy neutrino production qq XiXi for sinfii = via 
off-shell Z boson channel; (right) total heavy neutrino production qq — )■ xiXi for sinO = including 
vector boson fusion mechanism. Higgs masses are 100 GeV (solid green), 150 GeV (blue-dotted), 
200 GeV (red-dotted). Solid black is the same as on the left figure. 



Our first scenario deals with same-sign leptons in the final state and Table Q illustrates 
this scenario numerically. First two specific realizations of this scenario feature X2-iieutrino 
being the right-handed state {sm9 = 0) case with xi-neutrino mass equal to 90 GeV and 
100 GeV. These masses were chosen to go in parallel with S and T analysis of the previous 
section (My = M2 = Mz/2) and for easy comparison with |37U (100 GeV mass case). Third 
realization with Mjv=135 GeV and mixing angle sinO = 0.5 was selected to probe heavier 

^Note that this experimentally constrained factor contains contribution from the flavor mixing between 
generations and also the contribution ~ cos 6* from the mixing between left- and right handed fourth 
generation neutrino states. 
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Table 1: Signal cross-sections a {in fb) with the corresponding leading SM background for three 
scenarios described in the text. Pre-selection and selection criteria are also described in the text. 



fi^fi^ X (M^,=100 GeV) 


Pre-selected o"(fb) 


Selected cT(fb) 


Events/10 fb"^ 


S//B 


f^^Xi ■ f^^f^^ + 2 jets 


1.11 


0.6 


6 


7.25 


XiXi ■ f^^fJ-"^ + 4 jets 


2.5 


1.32 


13.2 




SM background 


10.25 


0.7 


7 




fi^fi"^ X {M^,=90 GeV) 


Pre-selected (T(fb) 


Selected cT(fb) 


Events/10 fb"^ 


S//B 


fi^Xi ■ l^^f^^ + 2 jets 


0.21 


0.113 


1.1 


1.89 


XiXi ■ l^^fJ'^ + 4 jets 


0.73 


0.39 


3.9 




SM background 


10.25 


0.7 


7 




X {M^,=135 GeV) 


Pre-selected (T(fb) 


Selected o"(fb) 


Events/10 fb"^ 


S//B 


fi^Xi ■ M^/^"^ + 2 jets 


2.1 


1.1 


11 


6.95 


XiXi ■ f^^fJ-^ + 4 jets 


1.4 


0.74 


7.4 




SM background 


10.25 


0.7 


7 




X (M^,=100 GeV) 


Pre-selected (T(fb) 


Selected cT(fb) 


Events/10 fb"^ 


S//B 




1.95 


1.52 


15.2 


12.15 


XiXi :^^^^^^+ 2 jets+^ 


4.10 


3.20 


32 




SM background 


76.7 


1.51 


15.1 





neutrino masses. Again, in this last realization, the X2-iieutrino is assumed to decay via 
off-shell gauge bosons and, as such, being neglected in the analysis. 

For event pre-selection we require the presence of two like-sign charged leptons with 
transverse momentum larger than 30 GeV, and an additional lepton of opposite charge. 
The choice of the pT cut for like-sign leptons is motivated by the need to reduce backgrounds 
where soft leptons are produced in b decays, for example tinj {nj standing for n jets) in 
the dilepton channel. For the final event selection we also require: 

(i) at least two jets in the final state with pT > 20 GeV, and no 6-tagged jets; 

(ii) missing energy smaller than 30 GeV; 

(iii) the transverse angle between the two leptons must be larger than 7r/2. 

The signal and SM background cross sections for these two stages of event selection 
are also given in Table ||. The number of the selected events for an integrated luminosity of 
10 fb^^ and the corresponding statistical significance are also presented there. We observe 
that 100 GeV and 135 GeV neutrinos may be discovered early under these conditions. 

In the second scenario we consider trilepton final state with i = e,^, M-^j=100 GeV 
and all other conditions as in the first scenario. 
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Trilepton signals can be produced in the two charged current decay channels of the 
heavy neutrino, with subsequent leptonic decay of the W boson, e.g. 

txi ttW- i+l+ru . (3.7) 
They can also be produced in the xiXi production channel e.g. 

xixi I'^rw+w- i+rrv + 2 jets , 

XiXi ttW'W- l^trv + 2 jets , (3.8) 

(and small additional contributions from r leptonic decays for both production channels). 

This trilepton final state is very clean once that WZnj production can be almost 
eliminated with a simple cut on the invariant mass of opposite charge leptons. 

For event pre-selection we again require two same-sign charged leptons with pT > 30 
GeV. For event selection, we require that neither of the two opposite-sign lepton pairs have 
an invariant mass closer to Mz than 10 GeV and we ask that 

(i) no b jets can be present in the final state; 

(ii) the like-sign leptons must be back-to-back, with their angle in transverse plane larger 
than 7r/2. 

Our results are shown in Table |l| and again we notice that trilepton channel may cross-check 
potential discovery scenario in dilepton channel. 

Up to this point we only considered pp— > XiXi(X2X2) neutrino production via off-shell 
Z boson. In the right panel of Fig.^ we include the vector boson fusion channel to the 
Higgs or Z boson under the same conditions as in left panel of the same figure. We observe 
the enhancement in the low neutrino mass region due to on-shell Higgs decay to the pair of 
Xi-neutrinos. Higher neutrino mass region is also enhanced due to the vector boson fusion 
to the Z boson which also consequently decay to the pair of xi-neutrinos. If the Higgs mass 
happens to be in the specified regions, this additional production channel would modify 
the corresponding numbers in Table || with an appropriate multiplicative factor. Similar 
enhancement might also occur in the charged current production channel pp ^^Xi- 

However, for the masses considered in the Table |^, significant enhancements would 
occur only for parameters values where Higgs is heavy enough to produce two neutrinos 
and, at the same time, neutrinos are heavy enough to decay to the on-shell W and Z. 
For example, 150 GeV Higgs case considered in the right panel of Fig ^ would not satisfy 
this condition, and only 200 GeV Higgs mass case would give an enhancement. Thus, 
for example, 90 GeV xi'^^utrino in the first scenario would, approximately, receive an 
additional multiplicative factor of 2 in all the corresponding numbers in Table |^. 

3.3 Higgs decay 

Since the effective coupling between the composite scalar sector and standard model matter 
fields in the MWTC theory is simple, let us also outline possible effects that the new leptons 
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would have on the decays of the composite Higgs boson. Since the couphng between the 
composite Higgs and matter fields is only effective one, these results should be taken as 
qualitative ones illustrating possible effects which can be expected to arise. There are 
several different possibilities depending on the masses of the new leptons and the composite 
Higgs. Since the new charged lepton is constrained to have mass Me > 2M2, its effect 
looks similar to that of the top quark. Most interesting implications are due to the new 
neutrino which can be relatively light, but couple only weakly to electroweak currents and 
hence evade the LEP bounds. Prom equations ( ^.8| ) and ( ^.11 ) it follows that depending 
on the neutrino and higgs masses, the decay rates can be dramatically affected by the 
existence of such fourth generation neutrino. The dominant effect for the Higgs decay is 
insensitive to the magnitude of weak interactions, i.e. the neutrino mixing angle, since the 
Higgs field couples with the strength proportional to the mass of these particles. However, 
as can be seen from there is also a contribution depending on the mixing angle. 

Also the sign of pip2 affects the Higgs couplings, but qualitatively the effects are similar 
both for P1P2 = 1 and for pip2 = — 1. 

In Pig. 1^ we show the branching ratios of the Higgs boson for different final states as 
a function of the Higgs boson mass. The left panel shows the familiar figure corresponding 
to the final states present in the standard model. In the right panel on the other hand we 
have taken into account the new leptons in the MWTC model. If the lighter neutrino state 
in the fourth generation is around it will create an important channel significantly 

reducing the contribution of the other final states relevant for the light Higgs searches at 
the LHC. 





Figure 7: The branching ratios for the decay of the Higgs boson in Standard Model (left panel) 
and in MWTC (right panel) 

To compute the contribution in MWTC, we set Me = 300 GeV, Mi = 130 GeV and 
M2 = 50 GeV, sin 6* = 0.45 and p2 = +1 which gives acceptable values {S,T) = (0.17,0.6). 
It is clear that realization of this particular scenario requires a significant amount of fine 
tuning regarding the masses of the fourth generation leptons as well as the mass of the Higgs 
boson, and we only point this out as an interesting special case. Purthermore, there are 
likely to be important corrections to Higgs decay due to the underlying strong dynamics. 
However, assuming that the composite SM-like Higgs is the lightest technihadron and 
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for neutrino masses below Mz our effective vertices should provide qualitatively correct 
picture. Careful studies of various effects relevant for light Higgs are important since there 
is some theoretical and phenomenological bias towards this mass range; also due to recent 
experimental results from the Tevatron [38|. 

Also the Higgs production is modified from that of the standard model. Here it should 
be stressed that this modification is different for the case here and for the case of sequential 
fourth generation where also a QCD-like heavy quark generation appears. In the latter 
case the new QCD-matter doublets enhance the gluon-gluon fusion due to new degrees of 
freedom available to run in the loop coupling the gluons with the Higgs ||3^ . In the former 
case relevant here no such QCD contribution exists. Rather, in this case the modifications 
to the Higgs production rates arise from the resonant weak boson scattering. These different 
production channels of spin-0 resonance at LHC will provide important tool to discriminate 
between these two different possibilities if a fourth generation of standard model -like matter 
appears in nature. In similar reasoning has been applied to other theories which lead 
to appearance of spin-2 resonances. 



4. Conclusions and outlook 

In this paper we have analyzed the contributions to the precision parameters from fourth 
generation leptons and in particular considered phenomenological implications of a novel 
technicolor scenario where a fourth family of leptons arises without new QCD quarks which 
would appear in typical sequential extensions of the Standard Model. Allowing for the most 
general mass structure for these leptons we have evaluated the S and T parameters and 
shown how these constrain the masses of the new fourth generation leptons. We have 
discussed some collider signatures which can be used to probe the existence of these new 
leptons at the LHC. We have shown that the decay rates of the Higgs particle can be 
affected through the decays to these new particles in the case of light Higgs particle. 

We chose to study the minimal walking technicolor model, since it is naturally required 
to contain a full fourth generation in order to saturate the Witten anomaly. The effects 
from the leptonic sector are novel since the quark sector does not carry QCD color but 
is instead technicolored. The technicolor sector will provide its own characteristic signals 
which are probably best studied through WW scattering, while the new leptons will be 
manifest through other initial states as well. 

Here we have concentrated on the typical mass hierarchy of the leptons, i.e. charged 
lepton always heavier than the lightest neutrino. However, one can also entertain a thought 
that the charged state would be the lightest. Then its decay could only proceed via mix- 
ing with the lighter generations, making it relatively long lived and perhaps amendable 
even to direct observation. Also, we have considered exclusively the standard model like 
hypercharge assignments for the techniquarks and fourth generation leptons. However, 
saturation of gauge anomalies in MWTC theory allows for other possibilities which should 
be studied in detail. For example, the "neutrino" could have charge — e while the other 
lepton would be doubly charged. 
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There are also other theories which one can consider. For example, another promising 
candidate for strong dynamics is a SU(3) gauge theory with two flavors of sextet tech- 
niquarks. Also this particle content should lead to walking behavior of the technicolor 
coupling constant as was proposed in |11]. For a lattice simulations concerning the run- 
ning of the coupling in this model see [39|, and for a study of the associated collider 
phenomenology see In this model one does not need to include additional leptons 

to saturate Witten anomaly and also the naive S-parameter is larger than in the mini- 
mal model; namely 5" ~ l/vr which is still marginally within the experimental bounds but 
T = if degenerate techniquarks are assumed. However, if one insists on standard model 
like hypercharge assignments for the techniquarks, then, to saturate the gauge anomalies, 
the introduction of two lepton doublets would be necessary. From the weak interaction 
viewpoint one could regard the model as one with two new generations. Now, given this 
extended particle content the S and T can be made better compatible with the existing 
data since with appropriate masses for the new two lepton generations generate negative 
contribution to S making it smaller than l/vr and positive contribution to T similarly to 
what happens in the minimal model which we have considered here. The collider signatures 
of the (lightest) additional leptons are likely to be similar as the ones considered here. 

Hence, the existence of fourth family of matter analogous to the three currently fea- 
tured in the standard model remains as a simple and theoretically motivated possibility 
of new physics appearing at the LHC. If indeed such matter content appears, the story is 
likely to be richer than just a sequential fourth generation. 
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